At low temperatures, graphite presents a magnetoresistance anomaly which manifests as a transition to a high-resistance state (HRS) above a certain critical magnetic field B c . Such HRS is currently attributed to a c-axis chargedensity-wave taking place only when the lowest Landau level is populated. By controlling the charge carrier concentration of a gated sample through its charge neutrality level (CNL), we were able to experimentally modulate the HRS in graphite for the first time. We demonstrate that the HRS is triggered both when electrons and holes are the majority carriers but is attenuated near the CNL. Taking screening into account, our results indicate that the HRS possess a strong in-plane component and can occur below the quantum limit, being at odds with the current understanding of the phenomenon. We also report the effect of sample thickness on the HRS.
Introduction
Graphite is a quasi-compensated semimetal in which charge carriers possess high electronic mobility and low effective masses [1] . These allow the material to reach the quantum limit at modest values of B ≈ 7 T (the smallest magnetic field for which only the lowest energy Landau level (LL) remains populated) [2] . At higher magnetic fields however, graphite hints at some exotic properties, such as the occurrence of the fractional quantum Hall effect, the possibility of magnetic-field-induced superconductivity and the existence of a magnetic-fieldinduced high resistance state (HRS) [3, 4, 5] . The latter has been thoroughly investigated since its first experimental observation in the 1980's , and still sparks off debate to date [5, 6, 7, 8, 9, 10] . It manifests as a single or multiple sharp bump(s) of the sample resistance as a function of magnetic field, usually triggered at B > 25 T [6, 7, 8, 9, 10] .
Much experimental work has been devoted to verify the origin of this state (see ref. [11] for a review). Despite earlier reports suggesting that the HRS is an in-plane phenomenon, current consensus is that it is triggered along the c-axis direction at the lowest Landau level in graphite [6, 12] . Early theoretical attempts by Yoshioka and Fukuyama invoked the surging of a charge-density-wave (CDW) transition along the sample c-axis, caused by a 3D to 1D dimensionality reduction due to the quantum limit [13] . In this context, the occurrence and subsequent suppression of the CDW state have been attributed to the crossing between the Fermi level and the lowest Landau spin subbands at increasing magnetic fields.
Albeit it is widely accepted that the effect is caused by electron-electron interactions, experimentalists still struggle to verify the physical mechanisms responsible for the HRS. Currently, reports support different hypothesis, which include the formation of a CDW, a spin-density wave or the opening of an excitonic gap. All expected to occur along graphite's c-axis at the lowest Landau level [9, 10, 14, 15, 16] . Different approaches to understand the nature of the HRS have been attempted in the past decades, highlighting various aspects of the phenomenon. weighting in favour of an excitonic gap taking place [6, 17] . As another exam-ple, although earlier models ascribed the HRS to a CDW triggered by a single spin subband in the lowest Landau level of graphite [13] , recent measurements by Fauque et al. at B = 80 T demonstrated a re-entrant behavior, suggesting its triggering by more than one spin subband [10] .
Although such works provide tantalizing hints of the HRS origin, current experimental data does not allow for an indisputable implication of the bands and carriers responsible for the phenomenon. One solution for this problem would be to monitor the HRS for doped graphite samples. In doing so, one could actively depopulate different spin subbands of electrons and holes by changing the sample's chemical potential. To our best knowledge, attempts in this topic are currently carried out by performing ionic implantation in bulk graphite or testing different sample qualities. These approaches do not allow one to reliably separate the effects caused by induced disorder from the ones caused by the intended doping [11, 14] . This becomes critical when comparing different samples, as differences on disorder and native charge carrier concentration can affect the phenomenon under consideration, causing seemingly similar experiments to produce potentially diverging conclusions.
In order to address this issue, in the present work, we verify the behavior of the HRS in mesoscopic graphite by controlling the material's chemical potential (i.e. the position of the Fermi level within the band structure) by gating our device through its Charge Neutrality Level (CNL). In doing so, we were able to electrostatically dope the sample without modifying other critical parameters (such as cristalinity, geometry and quality of contacts). Our results provide the first experimental observation that the properties of the HRS change nonmonotonically with graphite's averaged charge carrier density. We observe that the HRS survives outside the quantum limit and is triggered by both electrons and holes, approximately symmetric to each other with respect to the CNL. By accounting for charge screening we also infer a strong two-dimensional character of the HRS, although an off-plane degree of freedom seems necessary for the phenomenon. Our results shed new light on the subject, suggesting that the HRS in graphite has a large in-plane component and might take place at Landau levels with n > 0.
Results and discussion
The experiments shown here were carried out in mesoscopic Highly Oriented Pyrolytic Graphite (HOPG) exfoliated from a bulk crystal with mosaicity of 0.30 Our results show a linear dependency between f SDH and V g for V g < 15 V, characterizing the sample as a quasi-2D system [24] . For V g > +15 V, f SDH became almost constant with V g , presumably due to enhanced Coulomb screening caused by an excess of charge carriers. A linear extrapolation of the data for
6| (f SDH given in Tesla and V g in volts),
suggesting that compensation in our device (equivalent electron and hole popu- We can account for the occurrence of charge screening in our device by associating the modulation of f SDH to a change of the tree-dimensional charge carrier density (electrons or holes) η 3D in the sample. For this, we use a simplified model for a quasi-2D electron gas
In it, e is the electronic charge, S is the 2-dimensional in-plane Fermi surface cross-section, α is a constant related to the dimensionality of the material and pockets spanning half of the unit cell along k z , α ≈ 2/3. Using the Onsagner relation and assuming in-plane isotropy, the cross-section S of the Fermi surface relates to f SDH according to S = (2π) 2 e/h × f SDH .
Multiplying both sides of eq. 1 by the thickness t of the sample and replacing
we obtain an expression relating V g to f SDH through a specific capacitance per unit of area C SDH . The latter can be isolated, resulting in
where the numerical prefactor (3.3) is given in T/V and corresponds to the slope extracted from the linear fit presented in the f SDH vs. V g plot ( fig. 3a ).
Using expression 2 with t = 35 nm and α = 2/3, we obtain C SDH ≈ 1.7 × 10 3 nF/cm 2 . This value is two orders of magnitude above the specific capacitance estimated from geometrical considerations C g ≈ 11 nF/cm 2 . Such result suggests that the region subject to gating is confined to a small portion of the graphite sample, close to its interface with the BN substrate. The effective thickness of this region can be estimated by finding t = t ef f for which C SDH = C g in eq.
2. This method yields t ef f ≈ 0.2 nm, which is below the currently accepted screening length for graphite (of λ s = 0.4 nm) [21] . The small value obtained for t ef f can be attributed to the approximated model employed here, as the parameter α in eq. 1 is unknown.
Another estimation for t ef f can be obtained from a screened, simple twoband model proposed for graphite in ref. [21] . Using our sample parameters and λ s = 0.4 nm as the conventional screening length, we obtain a second estimation for t ef f at V g = 15V of, at most, t ef f ≈ 2.5 nm (independent of B). The calculated values correspond to the distance from the interface between graphite and BN above which the gating effect is completely screened. Portions of graphite further from the BN interface are expected to be outside the influence of any electrostatic modulation. We briefly discuss the limitations of this model in the suppl. material.
Despite small estimated values of t ef f , the prominent occurrence of SdH oscillations and the reversal of the Hall signal with V g qualitatively suggest that the gated portion of the sample dominates the magnetotransport properties of the device. For the purposes of our discussion, we consider such region to have a thickness of, at most, 2.5 nm (the largest of our previous estimations).
Even though confined, carriers in this region must present an off-plane degree of freedom, as no signatures of a quantum-Hall state typical of few-layer graphene are observed in our measurements [25, 26] .
We model transport in our system as two contributions occurring in parallel:
one from the doped region (G 1 ) and the other from the screened portion graphite (G 2 ). The measured conductivity of the sample can, then, be described as
As the screened region of the sample (G 2 ) is not expected to be affected by V g , our results can be understood as a consequence of gating over a small fraction of the sample, measured in parallel to a background signal of pristine graphite.
The modulation of the HRS and its earlier triggering at different V g , therefore,
can be attributed to variations of G 1 in eq. 3.
Under these assumptions, the thin gated region in the sample does not sup- It can be argued that another possibility to account for our observations is to consider an earlier triggering of the HRS due to the presence of a charge gradient between the screened electron/hole gas and graphite. For high (low) enough gate voltages, the region of the sample nearest to the interface with BN is expected to be completely depleted of electrons (holes). As the distance from the gate is increased, however, the Fermi level shifts and both graphite's electronic bands become populated, eventually reaching a region unaffected by gating [21] . Under this hypothesis, however, the HRS cannot be described as an off-plane effect. Within the context of a 1D c-axis transition, the the conditions necessary for the earlier triggering would happen locally (on an infinitesimally thin region) -resulting in a contradiction. In this case, the HRS could be described exclusively as an in-plane effect.
We also note that the achievement of the quantum limit was not a requirement for the HRS in our device. This is illustrated in fig. 3c . The data shows that the HRS takes place at a "filling factor" (which describes the number of occupied Landau levels) ν ≡ f SDH /B > 1, or alternatively B c < f SDH . This observation suggests that multiple Landau levels (both electron-like and hole-like with n = 0) could host the conditions necessary for triggering the phenomenon.
These results are at odds with current models employed for the HRS in graphite, which predict that the effect takes place as a consequence of instabilities in the Fermi surface, expected only when the lowest LL is populated [11, 14] .
Despite our results suggesting that the HRS has a strong in-plane nature and that the quantum limit is not a requirement for it, we observe that the earlier triggerings of the HRS happen nearly symmetrically with respect to the CNL (see fig. 3c ). In our understanding, such bipolar behavior demonstrates that the HRS is triggered by ideal concentrations of both electrons and holes in the material. Assuming an origin due to selective population/depopulation of LLs, the non-monotonic response of B c to V g can be understood in terms of a selective tuning of the occupation of each LL. This causes the conditions for the HRS to be achieved at different magnetic fields when varying V g . In this aspect, our results agree with the hypothesis that the HRS involves both electron and hole subbands in graphite, as proposed by Fauque et al. in [10] .
Using a simple model for a 2D electron gas, and assuming the in-plane effective masses of electrons and holes in graphite at m * = 0.07 m e and 0.04 m e respectively [15] (m e the electron rest mass), we further estimate the Fermi energies E F for each f SDH :
Using this expression, we obtain that that the triggering of the HRS happen nearly symmetrical around the CNL, at E F ≈ ± 500 meV. These energy values are in strong disagreement with band calculations at high magnetic fields assuming a c-axis CDW scenario at the lowest Landau level, for which tenths of meV are expected [11, 15, 27] . We attribute such discrepancy to the overly simplified model employed here (which captures only qualitatively the quasi-2D character of graphite), as well as to the apparent strong in-plane component of the HRS which is unaccounted for in the description of the phenomenon.
Interestingly, our results do not support the hypothesis of a magnetic-fieldinduced excitonic gap as the cause for the HRS in graphite, as recently suggested in reference [17] . In this scenario, the symmetric triggering of the phenomenon with respect to the CNL -as well as the non-monotonic dependency of its relative amplitude -would require graphite to present a complex c-axis band structure, featuring multiple gaps (not predicted in ref. [17] ).
We do not discard, however, that both an excitonic gap or a CDW state could take place in graphite prior to the quantum limit. In this case, multiple Landau levels would be involved, adding much complexity to the description of the phenomenon. Indeed, systems presenting CDW states at filling factors above 1 are expected to show exotic properties, such as the occurrence of bubble phases (Wigner crystallization at high LLs) in quantum Hall gases [28, 29, 30] .
Such phenomenon is predicted to take place in graphene at fractional filling factors above the n=1 LL [30] . Theoretically, a direct evidence of such state could be detected by verifying the in-plane anisotropy of the sample resistivity during the HRS at ν > 1 [30, 28] . In this case, the HRS could be decisively identified as having a purely in-plane origin, rather than c-axis. Unfortunately, the geometry of our device did not allow for such verification.
Our experiments highlight another relevant aspect of the HRS in HOPG.
Observations scattered across the literature reveal a wide range of triggering magnetic fields B c (as low as 22 T and as high as 45 T) [6, 7, 9, 10, 11, 13, 14, 15] .
While these values are usually deemed sample dependent, our results strongly suggest that the intrinsic charge carrier density in graphite plays a major role in Indeed, conflicting estimations in the literature provide a 2D, low temperature charge carrier density n 2D in graphite ranging from 10 10 to 10 12 cm −2 [31, 32, 33] . In the experiments shown here, V g causes an estimated charge carrier variation of one order of magnitude (between n 2D ≈ 10 11 and 10 12 cm −2 , estimated from n ≈ f SDH × 2e/h), resulting in a shift of B c between 37 T and 41 T. We conjecture that a further increase of the charge carrier concentration in our sample would cause the HRS to be triggered for even larger values of B c .
Certainly, disorder is also expected to play an important role, as it causes an effective broadening of Landau and sublandau levels in the material, smearing out measurable quantum phenomena [11] . However, our experiments were not designed to verify such impact.
We close our work by addressing the influence of the sample dimensionality in the HRS of graphite. It is widely accepted that the HRS is an off-plane phenomenon [9, 10, 11, 13, 27, 34] , with different reports in the literature demonstrating a larger relative intensity along c-axis measurements (see, for example, [10] and references therein) -albeit in different samples. Its presence in in-plane measurements is usually explained in terms of the 3D Fermi surface of graphite, in which a gap opening along the samples c-axis affects the in-plane dispersion as well.
As previously discussed, however, our results suggest that the modulation of the HRS takes place in a graphite region with thickness inferior to 2.5 nm. Such dimension is less than two times the characteristic wavelengths expected for a c-axis transition, suggesting that variations observed as a function of V g happen due to the phenomenon possessing a strong in-plane character. Such picture was proposed during early experimental works on the subject [6] , although, to our best knowledge, current models view the HRS as a phenomenon triggered in the c-axis direction [9, 10, 14, 15, 16, 34] .
In an attempt to probe an eventual in-plane character of the HRS, magnetoresistance measurements were performed in additional HOPG samples with thicknesses t = 10 nm and t = 4 nm. These correspond to devices with, approximately, 12 and 30 graphene planes, respectively. All the samples were exfoliated from the same bulk crystal and measured when undoped. They pre- than 130 nm [22] . Such discrepancy can be attributed to the magnetic field range employed in ref. [22] (below 35 T), which probably was below the limit necessary to trigger the HRS in their devices.
We also compare our results to a recent study by T. Taen et al. [34] , in which the effect of sample thickness is considered. In their work, the HRS is modeled as a c-axis transition and its suppression in thinner devices is attributed to the quantization of the k z wave vector due to confinement. Experimentally, this should manifest as a displacement of B c towards larger values of B as devices are made thinner.
Our results indeed suggest that finite-size effects play a role in suppressing the HRS, as the lack of a HRS in our t = 4 nm device can be attributed to confinement effects settling in, which effectively reduce the dimensionality of the material by inhibiting off-plane transport. However, our experimental data does not behave qualitatively as predicted by the model presented in ref.
[34]. In particular, there is no increase of B c in the t = 10 nm device in comparison to the t = 35 nm device -i. Instead, the absence of the phenomenon in the 4 nm thick sample and its modulation in a region below 2.5 nm in our t = 35 nm device strongly suggest that an off-plane degree of freedom is essential for the HRS to take place, even if a strong in-plane contribution is present. This can be understood in the context of quantum fluctuations present in 2D systems, which can frustrate long-range interactions. A progressive addition of a third dimension, in this case, quenches (stabilizes) the strong two-dimensional quantum fluctuations [35] , allowing inplane correlations leading to the HRS to take place.
Conclusions
In conclusion, in this work, we studied the HRS in graphite by modulating the charge carrier concentration of a mesoscopic sample. To our best knowledge, this report constitutes the first experimental observation of the influence of electrostatic doping on the HRS, which was triggered symmetrically with respect to the CNL in the sample. The amplitude and critical magnetic fields B c associated with it were strongly affected by the sample charge carrier concentration, which partially explains conflicting reports in the literature. Taking into consideration the small fraction of the sample affected by the electrostatic doping, our results strongly suggest that the HRS has a large in-plane contribution. However, measurements in samples with different thicknesses demonstrate that an off-plane degree of freedom is essential to stabilize the phenomenon, whose presence is reported in samples as thin as 10 nm. Our experiments also allowed us to infer that the achievement of the quantum limit is not a necessary condition for the occurrence of the HRS, opening the possibility that multiple Landau Levels (with n ≥ 1) might be involved. These observations are at odds with the current understanding of the phenomenon, in which the HRS is associated to a c-axis electronic phase transition occurring above the quantum limit.
We expect our work to inspire similar investigations, which could further clarify the properties of the HRS for ν > 1.
